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EXPERIMENTAL EVIDENCE I N  SUPPORT OF JOULE HEATING 
ASSOCIATED WITH GEOMAGNETIC ACTIVITY 

High r e s o l u t i o n  accelerometer  measurements i n  t h e  a l t i t u d e  r e g i o n  
140 t o  300 km from a s a t e l l i t e  i n  a nea r -po la r  o r b i t  du r ing  a per iod of 
extremely h igh  geomagnetic a c t i v i t y  i n d i c a t e  Jou le  hea t ing  t o  be  t h e  
p r i m a r y  s o u r c e  of energy f o r  atmospheric h e a t i n g  a s s o c i a t e d  w i t h  geo- 
magnetic a c t i v i t y .  This conclusion i s  supported by t h e  fo l lowing  
o b s e r v a t i o n a l  evidence:  (1) There is  a n  atmospheric  r e sponse  i n  t h e  
a u r o r a l  zone which i s  n e a r l y  s imultaneous w i t h  t h e  o n s e t  of geomagnetic 
a c t i v i t y ,  w i t h  no s i g n i f i c a n t  response i n  t h e  e q u a t o r i a l  r e g i o n  u n t i l  
s e v e r a l  hours l a t e r ;  ( 2 )  t h e  maximum h e a t i n g  occurs  a t  geographic  loca -  
t i o n s  nea r  t h e  maximum c u r r e n t  of t h e  a u r o r a l  e l e c t r o j e t ;  and (3)  t h e r e  
i s  evideiice of a t m ~ s p h e r i c  waves o r i g i n a t i n g  near t h e  a u r o r a l  zcne a t  
a l t i t u d e s  where J o u l e  hea t ing  would be expected t o  occur.  An a n a l y s i s  
of a tmospheric  r e sponse  time t o  t h i s  h e a t i n g  shows t i m e  de l ays  a re  
a p p a r e n t l y  independent of a l t i t u d e  b u t  a r e  s t r o n g l y  dependent I upon 
geomagnetic l a t i t u d e .  

INTRODUCTION 

-- v a r i a t i o n s  i i i  the  d e i i s l t j ;  of  t h c  n e u t r s l  atmosphere a s s o c i a t e d  w i t h  
geomagnetic a c t i v i t y  were f i r s t  discovered by J a c c h i a  [1960] du r ing  an 
i n v e s t i g a t i o n  t o  e s t a b l i s h  an improved r e l a t i o n s h i p  between t h e  s o l a r  
r a d i o  f l u x  a t  10 .7  cm and a c c e l e r a t i o n s  of s a t e l l i t e s .  He noted t h a t  
t h e  cu rve  of t h e  s a t e l l i t e  a c c e l e r a t i o n s  agreed e x c e l l e n t l y  w i t h  t h e  p l o t  
of t h e  s o l a r  r a d i o  f l u x  excep t  f o r  two t r a n s i e n t ,  s h o r t - p e r i o d  secondary 
o s c i l l a t i o n s .  These o s c i l l a t i o n s  were e x a c t l y  c o i n c i d e n t  w i t h  t h e  d a t e s  
o f  t h e  on ly  two l a r g e  geomagnetic d i s t u r b a n c e s  t h a t  occurred du r ing  t h e  
l i f e t i m e  of t h e s e  p a r t i c u l a r  s a t e l l i t e s .  J a c c h i a  concluded,  from t h e s e  
r e s u l t s  , t h a t  co rpuscu la r  r a d i a t i o n  capab le  of producing a l a r g e  geo- 
magnet ic  s to rm has a g r e a t e r ,  a l t hough  more t r a n s i e n t ,  e f f e c t  on atmos- 
p h e r i c  d e n s i t y  a t  200 km than the  f l u c t u a t i o n s  i n  s o l a r  e l ec t romagne t i c  
r a d i a t i o n  a s s o c i a t e d  w i t h  the  10.7 c m  s o l a r  r a d i o  f l u x .  Numerous a n a l y s e s  
of h igh  a l t i t u d e  d e n s i t y  d a t a  during t h e  p a s t  t e n  y e a r s  have shown t h a t  
d e n s i t y  i n c r e a s e s  a r e  a lmost  c e r t a i n  t o  occur  s imul t aneous ly  w i t h ,  o r  
s h o r t l y  a f t e r ,  enhancement of geomagnetic a c t i v i t y .  



POSSIBLE ATMOSPHERIC HEATING MECHANISMS 

A number of hypotheses have been proposed t o  e x p l a i n  t h e  mechanism 
by which t h i s  h e a t i n g  occur s .  D e s s l e r  [1959] advanced t h e  theo ry  t h a t  
such hea t ing  r e s u l t s  from l a rge -ampl i tude  waves t h a t  a r e  formed on t h e  
edge of the  e a r t h ’ s  magnetosphere when i t  i n t e r a c t s  w i t h  t h e  s o l a r  wind. 
H e  concluded t h a t ,  a l t hough  t h e  e l e c t r i c  c o n d u c t i v i t y  o f  t h e  ambient 
atmosphere a t  h igh  a l t i t u d e s  i s  s u f f i c i e n t l y  h igh  t h a t  d i s s i p a t i o n  of 
such  waves due t o  e l e c t r o n - i o n  and ion-atom c o l l i s i o n s  i s  n e g l i g i b l e ,  
c o l l i s i o n s  between ions  and n e u t r a l  atoms a t  lower l e v e l s  can  c a u s e  a 
s i g n i f i c a n t  amount of h e a t i n g ,  Dessler e s t ima ted  t h e  a l t i t u d e  a t  which 
t h e  maximum h e a t i n g  from hydromagnetic waves occurs  was between 150 and 
200 km. Akasofu [1965b] subsequen t ly  c a l c u l a t e d  t h e  r i s e  i n  a tmospheric  
temperature  due t o  t h e  hydromagnetic waves which a r e  l i k e l y  t o  occur 
n a t u r a l l y  i n  t h e  expected frequency range ( w  = 1-25 Hz), and found i t  was 
n o t  g r e a t e r  than 5 deg rees .  These resu l t s  s t r o n g l y  i n d i c a t e  t h a t  hydro- 
magnetic waves do no t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  a tmospheric  h e a t i n g  
a s s o c i a t e d  w i t h  geomagnetic a c t i v i t y  . 

Another p o s s i b l e  mechanism suggested t o  e x p l a i n  h e a t i n g  of t h e  
ionosphere d u r i n g  magnetic d i s t u r b a n c e s  is  c o r p u s c u l a r  bombardment by 
e n e r g e t i c  charged p a r t i c l e s .  McIllwain [1960] sugges t ed  t h a t  e l e c t r o n s  
i n  t h e  energy range of 1 t o  100 kev a r e  absorbed p r i m a r i l y  below 120 km 
a l t i t u d e .  Bremsstrahlung from t h e s e  e l e c t r o n s  would presumably be 
absorbed p r i n c i p a l l y  a t  lower a l t i t u d e s ,  Cole [1963] c a l c u l a t e d  an  upper 
l i m i t  of energy inpu t  i n t o  t h e  atmosphere by t h i s  mechanism t o  be abou t  
4 x 
n e u t r a l  p a r t i c l e s  has l i t t l e  e f f e c t  on t h e i r  t empera tu re  because of t h e  
h i g h  d e n s i t y  of t h e  atmosphere below 120 km. 

e rgs  ern" sec’i, and concluded t h a t  t h e  energy absorbed by 

Cole [1962] a p p l i e d  t h e  r e s u l t s  of e a r l i e r  work by Cowling and 
Piddington [1954] on J o u l e  h e a t i n g  and motion of uniform ion ized  gas  
t o  t h e  ionosphere d u r i n g  geomagnetic d i s t u r b a n c e s  t o  e x p l a i n  t h e  s o u r c e  
of energy availab1.e du r ing  geomagnetic s torms by t h i s  p rocess .  Ene rge t i c  
p a r t i c l e s  p r e c i p i t a t e  i n t o  t h e  a u r o r a l  zones du r ing  pe r iods  of enhanced 
geomagnetic a c t i v i t y  and provide some d i r e c t  h e a t  t o  t h e  n e u t r a l  thermo- 
s p h e r e  by conve r s ion  of t h e i r  k i n e t i c  energy. I n  a d d i t i o n ,  t h e  i n c r e a s e  
of e l e c t r o n  d e n s i t y  w i t h i n  t h e  a u r o r a l  zones r e s u l t s  i n  an i n c r e a s e  i n  
e l e c t r i c  c u r r e n t s  w i t h i n  t h e  ionosphe r i c  a u r o r a l  e l e c t r o j e t  and i n  a s soc -  
i a t e d  hea t ing  of t h e  thermosphere a t  h igh  l a t i t u d e s  by J o u l e  h e a t i n g .  
Cur ren t  of d e n s i t y  ( j )  causes  J o u l e  h e a t i n g  a t  t h e  r a t e  Q g iven  by 
j 2 / u 3 ,  where u3  i s  t h e  Cowling c o n d u c t i v i t y .  Thus, s i n c e  j i s  propor- 
t i o n a l  t o  t h e  magnetic d i s t u r b a n c e ,  t h e  power i n p u t  i s  p r o p o r t i o n a l  t o  
t h e  e l e c t r i c  c u r r e n t  f lowing i n  t h e  ionosphere.  Using t h e  most l i k e l y  
e s t i m a t e s  of j and u ,  Cole  computed energy sources  a s s o c i a t e d  w i t h  J o u l e  
h e a t i n g .  He concluded t h a t  they a r e  more than  s u f f i c i e n t  t o  e x p l a i n  t h e  

2 



h e a t  b a l a n c e  of t h e  d i s t u r b e d  ionosphere.  Heating by this  process  occurs  
i n  t h e  a u r o r a l  zones a lmos t  s imultaneously w i t h  t h e  enhancement of geo- 
magnet ic  a c t i v i t y  a t  a l t i t u d e s  between 100 and 200 km. The h e a t  t r a n s -  
p o r t  t o  lower l a t i t u d e s  could be by h e a t  conduc t ion ,  h e a t  convec t ion ,  
o r  wave mechanisms. The s i g n i f i c a n t  conc lus ions  of t h i s  p ionee r ing  
s t u d y  by Cole [1962] were: 

1. 

2. 

3 .  

4 .  

5. 

J o u l e  h e a t i n g  i n  t h e  region 100 t o  200 km a l t i t u d e  i s  common 
dur ing  geomagnetic d i s t u r b a n c e s .  

S c a l e  h e i g h t s  and temperatures  a t  a l t i t u d e s  above abou t  100 km 
i n c r e a s e  w i t h  geomagnetic d i s t u r b a n c e s .  

The energy of t h e  process caus ing  a geomagnetic d i s t u r b a n c e  is 
i n  g e n e r a l  n o t  measurable by t h e  energy of t h e  geomagnetic 
d i s t u r b a n c e .  

A h o r i z o n t a l  g r a d i e n t  of p r e s s u r e  a t  h e i g h t s  above 150 km is 
maintained i n  the a u r o r a l  zone d u r i n g  geomagnetic d i s t u r b a n c e s .  

Wind speeds i n  t h e  po ia r  ionosphere iiici-eass durtng geomagnetic 
d i s  turbances . 

OBSERVATIONAL EVIDENCE OF ATMOSPHERIC HEATING ASSOCIATED WITH 
GEOMAGNETIC ACTIVITY FROM STUDIES OF SATELLITE DECAY 

Ex tens ive  s t u d i e s  of s a t e l l i t e  drag-deduced d e n s i t y  d a t a  by J a c c h i a  
e t  a l .  [1966] r evea led  s e v e r a l  important  d e t a i l s  of d e n s i t y  v a r i a t i o n s  
a s s o c i a t e d  w i t h  geomagnetic a c t i v i t y .  Some of t h e s e  d e c a i i s  a r e  l i s t e d  
below. 

1. Even small  v a r i a t i o n s  i n  geomagnetic a c t i v i t y  a r e  r e f l e c t e d  i n  
a tmospheric  d e n s i t y  obse rva t ions .  The co r re spond ing  temperature  varia- 
t i o n s  appear r e l a t e d  i n  a n e a r - l i n e a r  f a s h i o n  w i t h  t h e  p l a n e t a r y  geomag- 
n e t i c  index,  ap,  du r ing  magnetic s torms p rope r ,  whi le  du r ing  m a g n e t i c a l l y  
q u i e t  pe r iods  t h e  r e l a t i o n s h i p  i s  n e a r l y  l i n e a r  w i t h  t h e  p l a n e t a r y  index,  
K p ,  which i s  t h e  l o g a r i t h m i c  c o u n t e r p a r t  of ap. 
a l .  [1966], t h e  e m p i r i c a l  r e l a t i o n s h i p s  between t h e s e  q u a n t i t i e s  c a n  be  
r e p r e s e n t e d  t o  a f a i r  deg ree  of accuracy by t h e  r e l a t i o n s h i p :  

According t o  J a c c h i a  e t  

AT = l :O ap  + 1 0 0 ° [ l  - exp(-0.08 a ) ]  (1)  P 

where AT is  t h e  change i n  exospheric  temperature .  

3 



2 .  Atmospheric p e r t u r b a t i o n s  l a g  behind geomagnetic p e r t u r b a t i o n s  
by s e v e r a l  hour s ,  w i t h  a n  ave rage  t i m e  l a g  of 6.7 hours  (7.2 hours  a t  
low l a t i t u d e s ,  l e s s  t han  6 hours  a t  h i g h  l a t i t u d e s ) .  

3 .  The temperature  d u r i n g  a geomagnetic d i s t u r b a n c e  i s ,  a t  l ea s t  
o c c a s i o n a l l y ,  enhanced a t  h igh  l a t i t u d e s .  

These a u t h o r s  recognized t h a t  t r a n s i e n t  d e n s i t y  f l u c t u a t i o n s  such  
as those a s s o c i a t e d  w i t h  geomagnetic a c t i v i t y  a r e  d i f f i c u l t  t o  s t u d y  by 
t h e  s a t e l l i t e  d rag -ana lys i s  method, because t h e  t ime and s p a t i a l  r e s o l u -  
t i o n s  (about 5 hours o r  3 o r b i t s )  a r e  s o  l a r g e .  S ince  t h e  q u a n t i t y  t o  
be determined,  t h e  a c c e l e r a t i o n  of t h e  s a t e l l i t e ' s  mean motion, is t h e  
second d e r i v a t i v e  of t h e  mean anomaly, t h i s  t a s k  becomes i n c r e a s i n g l y  
d i f f  i c  ul t . 

Another ve ry  impor t an t  l i m i t a t i o n  i n  t h e  t echn ique  of deducing 
d e n s i t y  values from s a t e l l i t e  d rag  d a t a  is t h e  f a c t  t h a t  t h e  change i n  
t h e  o r b i t a l  pe r iod  is a measure of t h e  i n t e g r a t e d  e f f e c t  of a i r  d r a g  i n  
t h e  neighborhood of p e r i g e e .  This a n g u l a r  r e s o l u t i o n  is a f u n c t i o n  o f  
t h e  o r b i t  e c c e n t r i c i t y .  For example, King-Hele [1966] has c a l c u l a t e d  
t h a t  f o r  a n  o r b i t  w i t h  a n  e c c e n t r i c i t y  of .2  and a p e r i g e e  a l t i t u d e  of 
200-250 km, t h e  d rag  i s  a p p r e c i a b l e  ove r  a n  a r c  of 20" on each  s i d e  of 
p e r i g e e .  S i n c e  t h i s  d r a g  occurs  a t  h e i g h t s  up t o  one s c a l e  h e i g h t ,  H 
(about  25 km a t  a l t i t u d e s  of 200-250 km), above p e r i g e e ,  t h e  r e s u l t i n g  
d e n s i t y  value r e p r e s e n t s ,  assuming a t i m e  r e s o l u t i o n  of .2 day,  a n  
ave rage  through a r e g i o n  up t o  25 km i n  h e i g h t  ove r  a l a te ra l  geographic  
d i s t a n c e  up t o  3400 km. Thus, i t  is  n o t  s u r p r i s i n g  t h a t  a n a l y s e s  of 
t h e s e  d a t a  l ead  t o  d i f f e r e n t  conc lus ions  concerning t ime d e l a y s  of 
d e n s i t y  i n c r e a s e s  fo l lowing  geomagnetic s to rms .  

To i d e n t i f y  t h e  energy s o u r c e  and the mechanism by which t h e  atmos- 
phe re  i s  hea ted  fo l lowing  geomagnetic s to rms ,  t h e  i n t e n s i t y  of t h e  h e a t -  
i ng  and t h e  r e a c t i o n  t i m e  of t h e  atmosphere a r e  two parameters t h a t  a r e  
e s p e c i a l l y  needed. From a n  a n a l y s i s  of three h i g h  i n c l i n a t i o n  s a t e l l i t e s ,  
I n j u n  3 ,  Explo re r  19 ,  and Explorer  2 4 ,  Roemer [1969] made some v e r y  
s i g n i f i c a n t  c o n t r i b u t i o n s  concerning t h e  i n t e n s i t y  of h e a t i n g  of the  
atmosphere f o r  a g i v e n  level  of geomagnetic d i s t u r b a n c e .  Although con- 
s i d e r a b l e  s c a t t e r  ex is t s  i n  h i s  d a t a ,  h i s  r e s u l t s  i n d i c a t e  t h a t  t h e  
h e a t i n g  l e v e l  (AT/Cap> a t  a u r o r a l  l a t i t u d e s  i s  abou t  tw ice  as l a r g e  as 
t h a t  a t  t h e  equa to r .  I n  a s t u d y  of t h e  r e a c t i o n  t i m e  of t h e  atmosphere 
t o  hea t ing  a s s o c i a t e d  w i t h  geomagnetic a c t i v i t y ,  Roemer compared t imes 
a t  which t h e  r a t e  of change of s a t e l l i t e  p e r i o d s  reached t h e i r  maximum 
w i t h  the  times of occur rences  of the peak of geomagnetic v a r i a t i o n s  f o r  
abou t  100 geomagnetic even t s .  This  a n a l y s i s  i n d i c a t e d  a mean t ime d e l a y  
t i m e ,  At = 5.3 ? 0.4  (s .d . )  hours .  These ave rage  r e s u l t s  conce rn ing  t ime 
d e l a y s  a r e  i n  f a i r  agreement w i t h  t h o s e  ob ta ined  by J a c c h i a  e t  a l .  
who analyzed 80 e v e n t s  from f o u r  h igh  i n c l i n a t i o n  s a t e l l i t e s  and found an  

[1966],  
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ave rage  l a g  t i m e  i n  t h e  low t o  medium l a t i t u d e  r e g i o n  (@ < 5 5 " )  of  7.2 
h o u r s ,  and a n  ave rage  t i m e  l a g  i n  t h e  h igh  l a t i t u d e  r e g i o n  (@ > 55") of 
5.8 hours .  There w a s  cons ide rab le  sca t te r  i n  t h e s e  r e s u l t s ,  w i t h  t i m e  
d e l a y s  r ang ing  from z e r o  t o  more than 14 hours .  

DeVries e t  a l .  [1967] analyzed h i g h - r e s o l u t i o n  d e n s i t y  d a t a  deduced 
from prec ise  r a d a r  t r a c k i n g  data from e leven  l o w - a l t i t u d e ,  a t t i t u d e -  
s t a b i i i z e d  Agena s a t e l l i t e s  and discovered d e l a y  t imes of d e n s i t y  
i n c r e a s e s  a s s o c i a t e d  w i t h  geomagnetic a c t i v i t y  from n e a r - i n s  tantaneous 
i n  t h e  a u r o r a l  r eg ions  (@ = 75 degrees)  t o  abou t  1 7  hours  a t  lower la t i -  
tudes  (@ = 30 degrees ) .  I n  t h i s  s t u d y ,  27 even t s  d u r i n g  which t h e  geo- 
magnetic p l a n e t a r y  index,  ap,  ranged from 1 2  t o  154 u n i t s  were analyzed.  
One recognized d e f i c i e n c y  i n  these  d a t a  w a s  t h e  r e l a t i v e l y  s m a l l  eccen- 
t r i c i t i e s  (.013 - .027) of t h e  o r b i t s  of t h e  s a t e l l i t e s  under cons ide ra -  
t i o n .  This  d e f i c i e n c y  i n c r e a s e s  t h e  a n g l e  abou t  p e r i g e e  through which 
t h e  d rag  occur s .  Jacchia e t  a l .  [1966] no ted ,  and DeVries a g r e e s ,  t h a t  
the low e c c e n t r i c i t i e s  make i t  d i f f i c u l t  t o  a s s i g n  a l a t i t u d e  t o  a d rag  
o b s e r v a t i o n  d e n s i t y .  

I n c o r r e c t  conc lus ions  concerning t i m e  d e l a y s  between geomagnetic 
d i s t u r b a n c e s  and a s s o c i a t e d  atmospheric h e a t i n g  can r e s u l t  from improper 
smoothing of geomagnetic d a t a .  Jacobs [1967] analyzed t h e  r e sponse  t i m e  
of t h e  atmosphere t o  geomagnetic d i s t u r b a n c e s  i n  t h e  165-200 km r e g i o n  
of t h e  atmosphere by assuming t h a t  t h e  geomagnetic i n d i c e s  could be 
r e p r e s e n t e d  by 12-hour running means of t h e  th ree -hour ly  geomagnetic 
i ndex ,  K p ,  a p p r o p r i a t e  f o r  a time d e l a y  f o r  t h e  atmospheric  r e sponse  of 
. 2 3  day. Lew [1969] l a t e r  reanalyzed t h e  same d a t a  and found tha t  t h e  
a c t u a l  r e sponse  t ime Jacobs  had assumed w a s  .48 day, because of t h e  
manner i n  which he chose t o  a s s i g n  t h e  Kp  ave rages .  By ave rag ing  t h e  
TI - ~ - . l . . n -  n ~ r * , -  a p e r i o d  of 12  hoiurs ( L  d a t a  p o i n t s )  and a s s i g n i n g  t h e  "P v u A u L "  "IbL 

a v e r a g e  v a l u e  t o  t h e  las t  t i m e  po in t ,  Jacobs had i n a d v e r t e n t l y  i n t r o -  
duced a t i m e  displacement  e r r o r  of abou t  s i x  hours .  I n  s i t u  measure- 
ments of n e u t r a l  a tmospheric  composition and d e n s i t y ,  which o f f e r  t i m e  
r e s o l u t i o n s  on t h e  o rde r  o f  seconds as compared t o  hours f o r  d rag  
d e r i v e d  d a t a ,  have r e c e n t l y  become a v a i l a b l e .  Taeusch e t  a l .  [1970] 
analyzed n e u t r a l  a tmospheric  composition v a r i a t i o n s  ob ta ined  from a 
quadrupole  m a s s  a n a l y z e r  d u r i n g  a pe r iod  i n  which several geomagnetic 
d i s t u r b a n c e s  occurred.  They found t h e  r e s p o n s e  of t h e  atmosphere t o  
t h i s  a c t i v i t y  t o  b e  l o c a l i z e d  i n  the a u r o r a l  r eg ions  o f  t h e  e a r t h ,  w i t h  
a r e sponse  t ime of l e s s  than one hour .  The s h o r t  r e sponse  t i m e  a t  t h e  
h i g h  l a t i t u d e s  is i n  good agreement w i t h  that  found by DeVries [1967] 
a t  comparable l a t i t u d e s .  
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LOGACS - AN ORBITAL ACCELEROMETER CALIBRATION EXPERIMENT 

One l o g i c a l  means of measuring s a t e l l i t e  a c c e l e r a t i o n s  caused by 
atmospheric v a r i a t i o n s  is  by a n  on-board acce le romete r .  A major d i f f i -  
c u l t y  i n  t h i s  measurement method is t h e  d i f f i c u l t y  i n  c a l i b r a t i n g  
a c c u r a t e l y  t h e  acce le romete r  f o r  t h e  low a c c e l e r a t i o n s  i n  an o r b i t a l  
environment. To overcome t h i s  d i f f i c u l t y ,  i n  1967 t h e  A i r  Force  formu- 
l a t e d  an  experiment t o  c a l i b r a t e  an ex t remely  s e n s i t i v e  acce le romete r  i n  
t h e  o r b i t a l  environment. This experiment is  known as LOGACS ( a - G  - 
- Accelerometer C a l i b r a t i o n  System). 

The acce le romete r  s e l e c t e d  f o r  t h e  LOGACS f l i g h t  w a s  t h e  B e l l  MESA 
(Miniature  E l e c t r o z t a t i c  Acce lerometer ) .  
e i e c  t r o s  t a t  i c a l  l y  p u l s  e - r  ebalanced acce le romete r  des igned s o t h a t  bo th  
t h e  suspens ion  and r e b a l a n c e  f o r c e s  can  be changed, o r  s c a l e d ,  by chang- 
ing t h e  v o l t a g e  l e v e l s .  For t h i s  exper iment ,  t h e  B e l l  MESA w a s  mounted 
i n  t h e  a f t  r eg ion  of a s t a n d a r d  Agena v e h i c l e .  The acce le romete r  was 
placed on a t u r n t a b l e  d e v i c e  s o  t h a t  i t  could be r o t a t e d  a t  two pre-  
c i s e l y  known a n g u l a r  r a t e s  or  held i n  two known f i x e d  p o s i t i o n s .  The 
Agena v e h i c l e  was  a t t i t u d e  c o n t r o l l e d  such t h a t  t h e  p lane  of t h e  t u r n -  
t a b l e  was always held i n  t h e  p l ane  of t h e  l o c a l  horizon.  I n  i t s  f i x e d  
p o s i t i o n s ,  t h e  s e n s i t i v e  a x i s  of t h e  MESA was a l i g n e d  i n  t h e  o r b i t a l  
p l ane  (one p o s i t i o n  i n  t h e  d i r e c t i o n  of motion and t h e  o t h e r  o p p o s i t e  
t o  t h e  d i r e c t i o n  of motion).  Comparison of t h e s e  measurements allowed 
a c c u r a t e  d e t e r m i n a t i o n  of t h e  in s t rumen t  b i a s .  The in s t rumen t  s c a l e  
f a c t o r  was determined by r o t a t i n g  t h e  acce le romete r  a t  two d i s t i n c t  
r o t a t i o n  r a t e s ,  approximate ly  1 / 2  and 1 rpm. A comparison of measure- 
ments obtained i n  each of t h e s e  modes permi t ted  a c c u r a t e  d e t e r m i n a t i o n  
of t h e  s c a l e  f a c t o r .  Fotou [1968] has prepared a d e t a i l e d  d e s c r i p t i o n  
of t h e  in s t rumen ta t ion ,  d a t a  p rocess ing  methods, r e s u l t s ,  and o t h e r  
p e r t i n e n t  d e t a i l s  concern ing  t h e  experiment.  

The MESA i s  a s i n g l e - a x i s ,  

The LOGACS experiment w a s  placed i n t o  a nea r -po la r  o r b i t  on May 2 2 ,  
1967. During the  18 th  r e v o l u t i o n  one day l a t e r ,  t h e  o r b i t  was a d j w t e d  
such  t h a t  i t s  apogee a l t i t u d e  w a s  raised t o  i n c r e a s e  t h e  o r b i t a l  l i f e t i m e .  
The o r b i t a l  parameters a t  i n j e c t i o n  and a f t e r  t h e  o r b i t  ad jus tmen t  a r e  
g i v e n  i n  Table  1. 
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Table 1. O r b i t a l  Parameters f o r  LOGACS a f t e r  O r b i t  Adjus t  

In1  ec t i o n  Rev. 18.4 

Date May 2 2 ,  1967 May 23, 1967 

Time 1839 GMT 2124 GMT 

Height of p e r i g e e  148 km 147 km 

Height of apogee 357 km 403 km 

I n c l i n a t i o n  91.5 deg 91.5 deg 

E c c e n t r i c i t y  0.015 0.018 

Per iod  89.4 min 89.8 min 

L a t i t u d e  of p e r i g e e  43.3 deg N 40.7 deg N 

The LOGACS experiment,  which w a s  a complete s u c c e s s ,  provided 
approximate ly  100 hours of a c c e l e r a t i o n  d a t a  from which t h e  n u l l  b i a s ,  
acce le romete r  s c a l e  f a c t o r ,  and a tmospher ic  drag on t h e  s a t e l l i t e  were 
c a l c u l a t e d .  Bruce [1968] e s t ima tes  t h e  ac tua l  e r r o r s  i n  t h e  a c c e l e r a -  
t i o n s  measured du r ing  t h e  LOGACS experiment a r e  l e s s  than one p e r c e n t  
and t h e  d e n s i t y  va lues  deduced from t h e  a c c e l e r a t i o n  measurements a r e  
a c c u r a t e  t o  w i t h i n  p l u s  o r  minus 10 p e r c e n t .  The major s o u r c e  of 
e r r o r  i s  t h e  u n c e r t a i n t y  a s s o c i a t e d  with t h e  drag c o e f f i c i e n t .  

Unexpected geophys ica l  events du r ing  t h e  LOGACS experiment were t h e  
occurrences  of two c l a s s  2B s o l a r  f l a r e s  and one c l a s s  3B s o l a r  f l a r e  
on May 23, 1967, followed by g r e a t l y  enhanced geomagnetic a c t i v i t y .  
Geomagnetic a c t i v i t y  was f a i r l y  q u i e t  t h e  f i r s t  p o r t i o n  of t h e  f l i g h t ,  
b u t  a l a r g e  geomagnetic s to rm,  w i t h  a geomagnetic index,  a v a l u e  of 
256 u n i t s ,  du r ing  r e v o l u t i o n  44 w a s  followed abou t  n i n e  hours l a t e r  
by a g r e a t  geomagnetic s torm,  w i t h  geomagnetic ap v a l u e  of 400 f o r  two 
s u c c e s s i v e  3-hour r e p o r t i n g  pe r iods .  The va lues  of t h e  10.7 c m  s o l a r  
r a d i o  f l u x  and t h e  geomagnetic p l a n e t a r y  index,  ap ,  du r ing  t h e  LOGACS 
f l i g h t  a r e  shown i n  F i g u r e  1, a long  w i t h  t h e  LOGACS o r b i t  numbers 
du r ing  which u s e f u l  d e n s i t y  d a t a  were d e r i v e d .  

P ’  

1. Comparison of Drag-Deduced and Accelerometer Dens i ty  Data. The 
LOGACS v e h i c l e ,  which a l s o  c a r r i e d  a n  S-band t r ansponder ,  was t r acked  
a c c u r a t e l y  by t h e  p u l s e  r a d a r  network of t h e  U. S.  A i r  Force  S a t e l l i t e  
Cont ro l  F a c i l i t y .  Drag-deduced d a t a  du r ing  t h e  experiment were computed 
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f o r  comparison w i t h  t h e  acce le romete r  da ta .  The drag-deduced d e n s i t i e s  
and t h e  accelerometer-deduced d e n s i t i e s  a r e  shown i n  F igu re  2 .  This 
graph r evea l s  some i n t e r e s t i n g  d i f f e r e n c e s  i n  t h e  d e n s i t y  va lues  obta ined  
by t h e  two methods, such  as a d i f f e r e n c e  of about  3.6 hours between t h e  
peak d e n s i t y  va lues  d e t e c t e d  by t h e  acce le romete r  and those  computed 
from t h e  drag-deduced d a t a  du r ing  t h e  two pe r iods  of enhanced geomagnetic 
a c t i v i t y  and d i f f e r e n c e s  of d e n s i t y  va lues  up  t o  15 p e r c e n t  between t h e  
two methods of measurement. 

These a p p a r e n t  d i s c r e p a n c i e s  a r e  n o t  s u r p r i s i n g ,  inasmuch as t h e  
drag-deduced d a t a  a r e  smoothed over pe r iods  of s e v e r a l  hours and over 
l a r g e  d i s t a n c e s  from t h e  p e r i g e e  p o s i t i o n ,  w h i l e  t h e  acce le romete r  da ta  
a r e  nea r - in s  tan taneous  measurements. As  would be expected,  t h e  accelerom- 
e t e r  measurements a r e  much more s e n s i t i v e  t o  atmosphere v a r i a t i o n s  than 
drag-deduced measurements because  of t h e i r  g r e a t l y  improved t ime and 
spa t ia l  r e s o l u t i o n .  

2 .  L a t i t u d i n a l  Response of t h e  Atmosphere t o  Corpuscular  Heating. 
The o r b i t  geometry of t h e  LOGACS experiment provided a unique oppor- 
t u n i t y  t o  s t u d y  t h e  a tmospher ic  r e sponse  a s s o c i a t e d  w i t h  geomagnetic 
a c t i v i t y  a s  a f u n c t i o n  of geomagnetic l a t i t u d e .  The a l t i t u d e s  of t h e  
LOGACS s a t e l l i t e  f o r  a t y p i c a l  o r b i t  a r e  shown i n  F igu re  3. During a 
t y p i c a l  o r b i t ,  t h e  s a t e l l i t e  w a s  a t  a n  a l t i t u d e  of about  300 km a t  t h e  
ascending  node, descending t o  200 km over t h e  n o r t h  po le  and t o  abou t  
145 km a t  p e r i g e e ,  then ascending  t o  abou t  170 km over  t h e  equa to r  
and t o  about  300 km over t h e  s o u t h  po le .  

The h i g h e s t  r e s o l u t i o n  d e n s i t y  d a t a  p r e v i o u s l y  a v a i l a b l e  from s a t e l -  
l i t e  o r b i t  decay was on t h e  o r d e r  of about  t h r e e  hour s ,  o r  two o r b i t s ;  
LOGACS provided d a t a  w i t h  a t ime r e s o l u t i o n  of 20 seconds - -  a n  improve- 
ment i n  time r e s o l u t i o n  of a f a c t o r  of more than 500. 

During the  f i r s t  40 o r b i t s  of t h e  LOGACS exper iment ,  che geomagnetic 
a c t i v i t y  w a s  low, w i t h  t h e  va lues  of t h e  geomagnetic p l a n e t a r y  index,  ap ,  
n o t  exceeding 3 2  u n i t s .  F o r t u n a t e l y ,  they were seven  u n i t s  or  l e s s  f o r  
n i n e  hours preceding  t h e  two l a r g e  geomagnetic s torms  t h a t  occur red  
du r ing  the f l i g h t .  
a t  o r b i t  41 t o  56 u n i t s  t h r e e  hours l a t e r  and t o  236 u n i t s  s i x  hours 
l a t e r .  
t o  400 u n i t s  du r ing  o r b i t  51. 

The th ree -hour ly  ap va lues  inc reased  from f o u r  u n i t s  

A d e c r e a s e  of ap  va lues  t o  154 u n i t s  fol lowed,  w i t h  a n  i n c r e a s e  

For t h i s  a n a l y s i s  of d e n s i t y  i n c r e a s e s  a s s o c i a t e d  w i t h  t h e  enhanced 
geomagnetic a c t i v i t y  du r ing  t h e  LOGACS exper iment ,  d e n s i t y  d a t a  subsequent  
t o  o r b i t  41  were normalized t o  t h e  geomagnet ica l ly  q u i e t  c o n d i t i o n s  occur-  
r i n g  dur ing  o r b i t  41. The r a t i o s  of t h e  normalized d e n s i t i e s  as a func- 
t i o n  of  geomagnetic l a t i t u d e  were then p l o t t e d  f o r  a l l  o r b i t s  f o r  which 
data were a v a i l a b l e .  

J 
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The s a t e l l i t e  p o s i t i o n s  corresponding t o  t h e  l e f t  s i d e s  of Figures  
4-9 were near  t h e  ascending  node of t h e  o r b i t ,  o r  t h e  p o i n t s  a t  which 
t h e  s a t e l l i t e  c rossed  t h e  e q u a t o r i a l  plane i n  a n o r t h e r l y  d i r e c t i o n .  
A t  t h e s e  p o s i t i o n s ,  t h e  s a t e l l i t e  would be a t  an a l t i t u d e  of about  
300 km. The f i r s t  c r o s s i n g  of the n o r t h e r n  hemisphere a u r o r a l  zone 
would occur on t h e  n i g h t  s e c t o r ,  near 65-70 degrees  geomagnetic l a t i -  
t u d e ,  a t  an a l t i t u d e  of about  190 km. A f t e r  c r o s s i n g  t h e  n o r t h  po le ,  
t h e  s a t e l l i t e  would c r o s s  t h e  a u r o r a l  zone on t h e  s u n l i t  s i d e  of t h e  
hemisphere. The s a t e l l i t e  was i n  a near  sun-synchronous o r b i t ,  w i t h  
a l o c a l  time a t  p e r i g e e  of abou t  10:30. Rat ios  of t h e  d e n s i t y  a t  each 
r e v o l u t i o n  t o  t h a t  occu r r ing  during r e v o l u t i o n  41 a r e  shown i n  t h e  
upper p a r t  of t h e  o r d i n a t e s  of Figures 4-9. The a l t i t u d e s  of t h e  
s a t e l l i t e  a r e  shown i n  t h e  bottom p a r t  of t h e  o r d i n a t e s ,  w i t h  t h e  geo- 
magnetic l a t i t u d e s  shown i n  t h e  a b s c i s s a s  of Figures  4-9. 

F igu re  4 shows the  graph of t h e  normalized d e n s i t y  ve r sus  geo- 
magnetic l a t i t u d e  du r ing  r e v o l u t i o n  43, a t  which t ime t h e  v a l u e  of the  
ap index had inc reased  t o  56 u n i t s .  
n o t  changed more than a few percent  a t  geomagnetic l a t i t u d e s  l e s s  than 
50 degrees .  However, t h e  d e n s i t y  a t  a geomagnetic l a t i t u d e  of about  
75 degrees  (on t h e  da rk  s i d e  of the norizhern hemisphere) had Fzcrezsed 
a b o u t  30 p e r c e n t ,  w h i l e  t h a t  a t  the s u n l i t  s i d e  of t h e  n o r t h e r n  hemi- 
s p h e r e  a t  t h e  same l a t i t u d e  had decreased abou t  20 pe rcen t .  This is 
a r a t h e r  s u r p r i s i n g  r e s u l t ,  s i n c e  t h e  most wide ly  accepted  atmospheric 
models such  as t h e  J a c c h i a  [1970] and CIRA [1965] would i n d i c a t e  g l o b a l  
h e a t i n g  abou t  s i x  hours subsequent t o  t h e  enhanced geomagnetic a c t i v i t y .  

In  g e n e r a l ,  t h e  d e n s i t y  va lues  had 

F igu re  5 shows t h e  n e u t r a l  d e n s i t y  enhancement du r ing  r e v o l u t i o n  
46, approximate ly  1 112 hours subsequent t o  the  peak of t h e  f i r s t  l a r g e  
v geomagnetic s torm,  du r ing  which the ap v a l u e  reached 256 u n i t s .  Again, 
t h e  h i g h e s t  r e l a t i v e  i n c r e a s e  of d e n s i t y  du r ing  t h i s  o r b i c  occurred a t  
a b o u t  70 degrees  geomagnetic l a t i t u d e  on t h e  n i g h t  s i d e  of t h e  no r the rn  
hemisphere.  A ve ry  small (about 5 p e r c e n t )  i n c r e a s e  of d e n s i t y  occurred 
a t  70 degrees  geomagnetic l a t i t u d e  on t h e  s u n l i t  s i d e ;  however, s i g n i f i -  
c a n t  i n c r e a s e s  occurred  a t  higher  geomagnetic l a t i t u d e s  i n  t h e  s o u t h e r n  
hemisphere. This i n d i c a t e s  t h a t  t h e  immediate s o u r c e  of h e a t i n g  is  near  
t h e  a u r o r a l  zone on t h e  n i g h t  s i d e  of t h e  n o r t h e r n  hemisphere and near  
t h e  a u r o r a l  zone i n  t h e  s o u t h e r n  hemisphere. 

F igu re  6 shows t h e  normalized d e n s i t y  va lues  du r ing  r e v o l u t i o n  47, 
abou t  t h r e e  hours subsequent t o  t h e  peak of t h e  f i r s t  geomagnetic storm. 
I n  g e n e r a l ,  d e n s i t y  va lues  a t  lower l a t i t u d e s  were s t a r t i n g  t o  i n c r e a s e  
(by about  20 p e r c e n t ) ,  wh i l e  those i n  t h e  a u r o r a l  r eg ions  were dec reas ing .  

F igu re  7 shows t h e  normalized d e n s i t y  r a t i o s  a t  abou t  4 1 1 2  hours 
subsequent  t o  t h e  f i r s t  geomagnetic storm. By t h i s  t ime,  d e n s i t y  va lues  
n e a r  t h e  equator  had inc reased  about 50 p e r c e n t ,  w h i l e  t h o s e  nea r  t h e  
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a u r o r a l  r eg ions  on t h e  n i g h t  s i d e  of t h e  n o r t h e r n  hemisphere had dec reased  
t o  values n e a r  t h o s e  a t  geomagne t i ca l ly  q u i e t  t i m e s .  One v e r y  i n t e r e s t -  
ing f e a t u r e  i l l u s t r a t e d  i n  F i g u r e  7 is  t h e  d e c r e a s e  of d e n s i t y  over  t h e  
po la r  cap and i n  t h e  a u r o r a l  r eg ions  t o  v a l u e s  20 t o  30 p e r c e n t  below 
those occur r ing  b e f o r e  t h e  enhanced geomagnetic a c t i v i t y .  

About n i n e  hours a f t e r  t h e  peak geomagnetic index v a l u e s  f o r  t h e  
f i r s t  geomagnetic s to rm had been reached , one of t h e  l a r g e s t  d i s t u r b a n c e s  
of s o l a r  c y c l e  19 occur red ,  w i t h  v a l u e s  o f  t h e  geomagnetic i ndex ,  
r each ing  400 u n i t s  f o r  two c o n s e c u t i v e  pe r iods .  F i g u r e  8 shows r a t i o s  
of dens i t ies  a t  t h e  beginning of t h i s  h i g h  geomagnetic a c t i v i t y  t o  t h o s e  
occur r ing  d u r i n g  t h e  geomagne t i ca l ly  q u i e t  per iod 18 hours  p rev ious ly .  
Again, t h e  s i g n i f i c a n t  d e n s i t y  i n c r e a s e s  were l o c a l i z e d  nea r  t h e  geo- 
magnetic l a t i t u d e  of 65 degrees  on t h e  d a r k  s i d e  of t h e  n o r t h e r n  hemi- 
s p h e r e  and n e a r  60 degrees  i n  t h e  o b s e r v a t i o n s  a v a i l a b l e  from t h e  
s o u t h e r n  hemisphere. I n  b o t h  cases, v a l u e s  of d e n s i t y  inc reased  by 
more than a f a c t o r  of two, a lmos t  s imul t aneous ly  w i t h  t h e  i n c r e a s e  o f  
geomagnetic a c t i v i t y .  An examination of t h e  s a t e l l i t e  a l t i t u d e s  a t  which 
the h i g h e s t  d e n s i t y  r a t i o s  were e v i d e n t  r e v e a l s  no n o t i c e a b l e  a l t i t u d e  
dependence, s i n c e  t h e  s a t e l l i t e  w a s  a t  a n  a l t i t u d e  of abou t  190 km d u r i n g  
t h e  n o r t h e r n  hemisphere t r a v e r s e  of t h e  n i g h t  a u r o r a l  zone and a t  an  
a l t i t u d e  of abou t  265 km d u r i n g  t h e  pe r iod  of enhanced d e n s i t y  v a l u e s  
i n  t h e  sou the rn  hemisphere a u r o r a l  zone. Again, t h e r e  w a s  a d e c r e a s e  of 
d e n s i t y  t o  below geomagnet ical ly  q u i e t  v a l u e s  a t  a geomagnetic l a t i t u d e  
of abou t  65 degrees  on t h e  s u n l i t  s i d e  of t h e  n o r t h e r n  hemisphere.  
Dens i ty  values  nea r  low a l t i t u d e s ,  a t  t h i s  t ime, had n o t  changed s i g n i f i -  
c a n t l y  from s l i g h t l y  enhanced v a l u e s  a s s o c i a t e d  w i t h  t h e  previous geo- 
magnetic a c t i v i t y .  

a p  , 

The l a t i t u d i n a l  v a r i a t i o n s  of d e n s i t y  changed c o n s i d e r a b l y  w i t h i n  
t h e  n e x t  4 1 1 2  hour s ,  as shown i n  F i g u r e  9. 
t h i s  o r b i t  had remained a t  400 u n i t s ,  t h e  atmospher;: d e n s i t y  decreased 
t o  near-normal v a l u e s  i n  t h e  a u r o r a l  r e g i o n ,  b u t  had inc reased  by more 
than a f a c t o r  o f  abou t  two i n  e q u a t o r i a l  r e g i o n s .  Peak d e n s i t y  r a t i o s  
had thus  moved from 65 degrees  l a t i t u d e  t o  20-30 degrees  l a t i t u d e  d u r i n g  
t h e  4 1 1 2  hour p e r i o d ,  a l t h o u g h  t h e r e  had been no d e c r e a s e  i n  geomagnetic 
a c t i v i t y .  A t  t h e  a u r o r a l  l a t i t u d e s  on t h e  s u n l i t  s i d e  of t h e  n o r t h e r n  
hemisphere, t h e  d e n s i t y  had decreased t o  abou t  75 p e r c e n t  of t h a t  o c c u r r i n g  
b e f o r e  the o n s e t  of geomagnetic a c t i v i t y .  

Although t h e  ap  index d u r i n g  

3 .  Dependence on Time Delays f o r  Atmospheric Heat ing on Geomapnetic 
L a t i t u d e  and A l t i t u d e .  During t h e  36-hour pe r iod  f o r  which d e n s i t y  were 
a v a i l a b l e  from t h e  LOGACS experiment ,  fo l lowing  t h e  o n s e t  of enhanced 
geomagnetic a c t i v i t y ,  d e n s i t y  va lues  were o b t a i n a b l e  from a l l  o r  p o r t i o n s  
of 20 o r b i t s .  These da ta  p resen ted  a unique o p p o r t u n i t y  t o  e v a l u a t e  
e f f e c t s  of geomagnetic l a t i t u d e  and a l t i t u d e  on t h e  t i m e  r e q u i r e d  f o r  t h e  
n e u t r a l  atmosphere t o  respond t o  t h e  h e a t i n g  a s s o c i a t e d  w i t h  geomagnetic 
a c t i v i t y .  Dens i ty  d a t a  normalized t o  t h e  geomagne t i ca l ly  q u i e t  pe r iod  
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preceding  t h e  h igh  geomagnetic a c t i v i t y ,  as desc r ibed  i n  t h e  previous 
s e c t i o n ,  were t a b u l a t e d  a t  i n t e r v a l s  of 10 degrees  geomagnetic l a t i t u d e  
f o r  each a v a i l a b l e  o r b i t .  Time c ross  s e c t i o n s  f o r  each 10 degrees  of 
geomagnetic l a t i t u d e  were then prepared f o r  the  e n t i r e  per iod.  S ince  
t h e  o r b i t a l  pe r iods  were about  90 minutes ,  t h i s  was t h e  minimum time 
r e s o l u t i o n  a t t a i n a b l e .  The longes t  t ime r e s o l u t i o n  du r ing  t h e  per iod 
under c o n s i d e r a t i o n  w a s  t h r e e  o r b i t s  , o r  about  270 minutes.  

Time c r o s s  s e c t i o n s  of normalized d e n s i t y  v a l c e s  a t  i n t e r v a l s  of 
10 degrees  geomagnetic l a t i t u d e  a r e  shown i n  Figures  11 and 1 2 .  Corre- 
sponding va lues  of t h e  geomagnetic index,  ap ,  a r e  shown a t  t h e  bottom 
of t h e  f i g u r e s .  Time delays between t h e  peak of t h e  ap va lues  f o r  each 
of t h e  two l a r g e  geomagnetic events t h a t  occur red  dur ing  t h i s  per iod  
(assumed a t  t h e  middle of the  3-hourly ap r e p o r t i n g  p e r i o d s )  and t h e  
peak va lues  of t h e  normalized dens i ty  a s s o c i a t e d  w i t h  each event  a r e  
shown f o r  a l l  ca ses  i n  which adequate d a t a  were a v a i l a b l e  t o  make t h i s  
e v a l u a t i o n .  

An a n a l y s i s  of t h e s e  t i m e  delays s t r o n g l y  suppor t s  t h e  e a r l i e r  
conc lus ions  by DeVries e t  a l .  [1967] t h a t  time de lays  between t h e  o n s e t  
cf g e m z g n e t i c  a c t i v i t y  and t h e  subsequent enhancement of a tmospher ic  
h e a t i n g  a r e  l a t i t u d e - d e p e n d e n t ,  For example, a t  geomagnetic i a t i t u d e s  
g r e a t e r  than 60 degrees ,  t h e s e  time de lays  were,  i n  every  c a s e ,  no t  
more than 1 1 / 2  hours;  a t  geomagnetic l a t i t u d e s  l e s s  than 30 degrees ,  
they were,  i n  every c a s e ,  no t  l e s s  than 4 1 / 2  hours .  Between t h e s e  
l a t i t u d e s ,  t h e  t ime d e l a y s  were about  i n  p ropor t ion  t o  t h e  dec rease  i n  
geomagnetic l a t i t u d e s .  

The t ime d i f f e r e n c e s  between t h e  peak of t h e  geomagnetic d i s t u r b -  
ances  and t h e  a s s o c i a t e d  atmospheric h e a t i n g  f o r  t h e  30 cases  f o r  which 
C J ~ L ~  ----I W ~ L C :  a v a , 1 w u A ,  ---e; n h l n  --- =re shown i n  F igu re  1 2 .  Corresponding a l t i t u d e s  are 
shown i n  p a r e n t h e s i s .  It  can be seen  from Figure  1 2  and Figures  5 and 
8 t h a t  t h e  t ime de lays  a r e  about independent of a l t i t u d e  b u t  a r e  s t r o n g l y  
d e p  end en t upon geomagnetic l a t i t u d e .  

The s e r i a l  c o r r e l a t i o n  c o e f f i c i e n t  of geomagnetic l a t i t u d e s  w i t h  
l a g  times f o r  t h e  30 c a s e s  i s  .834, which is less than t h e  ,001 l e v e l  
of s t a t i s t i c a l  s i g n i f i c a n c e .  I n  o t h e r  words, t h e  p r o b a b i l i t y  of 
exceeding t h i s  va lue  by chance is l e s s  than one i n  one thousand. The 
l i n e  of l e a s t  squa res  f i t ,  as shown i n  F igu re  2 1 ,  is  based upon t h e  
r e  la  t ions h ip :  

70.4 - Geomagnetic L a t i t u d e  
9.4 

T =  

where T = l a g  t ime i n  hours .  
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4 .  The S i m i l a r i t y  Between t h e  Loca t ions  of t h e  Auro ra l  E l e c t r o j e t  
and S p a t i a l  Densi ty  Var i a t ions  Detected During t h e  LOGACS Experiment. 
Auroral  e l e c t r o j e t s  a r e  i n t e n s e  e l e c t r i c  c u r r e n t s  i n  t h e  a u r o r a l  zones 
a s s o c i a t e d  w i t h  geomagnetic d i s t u r b a n c e s .  Clumen e t  a l .  [1969] summarize 
t h e  gene ra l  f e a t u r e s  of t h e  a u r o r a l  e l e c t r o j e t  t o  c o n s i s t  of a h e i g h t  of 
t h e  j e t  a x i s  va ry ing  from 100 t o  150 km, a l e n g t h  from 2000 t o  5000 km, 
north-south th i ckness  from 500 t o  680 km, v e r t i c a l  h a l f - w i d t h  of 30 km, 
and a d u r a t i o n  of 30-60 minutes .  Akasofu e t  a l .  [1965a] d i s c u s s  t h e  
morphology, geometry, and c u r r e n t  system of t h e  a u r o r a l  e l e c t r o j e t .  I f  
t h e  mechanism f o r  a tmospheric  h e a t i n g  a s s o c i a t e d  w i t h  geomagnetic d i s -  
turbances is  J o u l e  h e a t i n g ,  acco rd ing  t o  Cole [1962] t h e  magnitude of 
such  hea t ing  w i l l  b e  a f u n c t i o n  of t h e  e l e c t r i c a l  c u r r e n t  i n  t h e  iono- 
s p h e r e  wi th  major c o n c e n t r a t i o n  i n  t h e  a u r o r a l  l a t i t u d e s .  Accepting 
t h i s  hypothesis  and a model c u r r e n t  system f o r  a n  i n t e n s e  p o l a r  magnet ic  
substorm s i m i l a r  t o  one d e p i c t e d  by Akasofu e t  a l .  [1965a],  t h e  most 
i n t e n s e  hea t ing  should occur i n  t h e  a u r o r a l  zone o f  t h e  midnight  s e c t o r  
of t h e  hemisphere, 

A proposed model c u r r e n t  system f o r  a n  i n t e n s e  magnetic substorm by 
Akasofu e t  a l .  [1965a],  and t h e  co r re spond ing  traverse of t h e  LOGACS 
experiment through t h e  system a r e  shown i n  F i g u r e  13. LOGACS experiment 
r e v o l u t i o n s  46 and 51 occurred s h o r t l y  a f t e r  the o n s e t s  of two i n t e n s e  
geomagnetic d i s t u r b a n c e s .  F igu res  5 and 8 show t h e  immediate a tmosphe r i c  
d e n s i t y  enhancements a s s o c i a t e d  w i t h  t h i s  a c t i v i t y .  The p o r t i o n  of t he  
o r b i t  i n  Figures  5 and 8 which corresponds t o  t h e  t r a c k  shown i n  F i g u r e  13 
i n c l u d e s  t h e  r e g i o n  from geomagnetic l a t i t u d e s  of p lus  50 degrees  t o  p lus  
90 degrees ,  then back t o  p lus  50 degrees .  F igu res  5 and 8 w i t h  t h e  
o r b i t a l  t r a c k  shown i n  F igu re  13 show a n  i n t e r e s t i n g  p a t t e r n  of d e n s i t y  
enhancements which resembles t o  a remarkable e x t e n t  t h a t  which would be  
expected wi th  t h e  c u r r e n t  system i n  Akasofu's model. I n  b o t h  cases, t h e  
most i n t e n s e  enhancement of d e n s i t y  occurs  a b o u t  c o i n c i d e n t  w i t h  the  
most i n t e n s e  p o r t i o n  of t h e  e l e c t r o j e t  c u r r e n t  system p e n e t r a t e d  by t h e  
s a t e l l i t e  ( P o i n t  A ,  a t  abou t  70 degrees  geomagnetic l a t i t u d e  a t  a n  a l t i -  
t ude  of 190 k m  i n  F i g u r e  5 and a t  abou t  75 degrees  geomagnetic l a t i t u d e  
and an a l t i t u d e  of abou t  190 km i n  F igu re  8 ) .  The p o r t i o n s  of t h e  o r b i t s  
shown i n  Figures  5 and 8 from p o i n t  B t o  C (75 t o  50 degrees  geomagnetic 
l a t i t u d e  on t h e  s u n l i t  s i d e  of t h e  hemisphere) show no s i g n i f i c a n t  enhance- 
ment of d e n s i t y  even though t h e y  a re  i n  c l o s e  p rox imi ty  t o  t h e  a u r o r a l  
ova l .  An examinat ion of t h i s  r e g i o n  i n  Akasofu's model (F igu re  13) shows 
there i s  no enhancement of t h e  c u r r e n t  system i n  t h i s  r e g i o n ;  t h e r e f o r e ,  
J o u l e  h e a t i n g  would n o t  p rov ide  t h e  mechanism f o r  h e a t i n g  on t h i s  p o r t i o n  
of t h e  o r b i t s .  

Unexpected anomalies ,  which a re  shown between p o i n t s  D and E i n  Fig-  
u r e  7 (about 4 1 / 2  hours subsequen t  t o  t h e  commencement of t h e  f i r s t  geo- 
magnetic storm) and F i g u r e  9 ( abou t  4 1 / 2  hours  subsequent  t o  t h e  
commencement of t h e  second geomagnetic s t o r m ) ,  occur  i n  r eg ions  i n  which 
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t h e  d e n s i t y  decreased  t o  va lues  as low as 70 p e r c e n t  of pre-storm values .  
The geographic  regions i n  which t h i s  phenomenon occurs  appear  t o  be 
w i t h i n  t h e  a u r o r a l  ova l .  The apparent  d e n s i t y  d e p l e t i o n  may r e s u l t  from 
t h e  c i r c u l a t i o n  and wind p a t t e r n s  a s s o c i a t e d  w i t h  t h e  h igh  geomagnetic 
a c t i v i t y  occur r ing  a few hours previously.  

5.  Evidence of Wave Propagation from LOGACS Data,  I n  a s t u d y  t o  
e v a l u a t e  t h e  c a p a b i l i t y  of var ious atmospheric models t o  d e p i c t  atmos- 
p h e r i c  d e n s i t y  f o r  geomagnetic cond i t ions  du r ing  t h e  LOGACS f l i g h t ,  
c r o s s  s e c t i o n s  of t h e  r a t i o s  of the a c t u a l  d e n s i t y  t o  t h e  d e n s i t y  
d e p i c t e d  by va r ious  models as a func t ion  of geomagnetic l a t i t u d e  were 
prepared .  F igu re  14 shows such a c r o s s  s e c t i o n  dur ing  t h e  per iod  sub- 
s e q u e n t  t o  t h e  second geomagnetic storm. These da ta  i n d i c a t e  ev idence  
of a tmospher ic  waves. General  f e a t u r e s  of t h e s e  waves inc lude  wave- 
l e n g t h s  on t h e  o r d e r  of 450 km and ampl i tudes  of t h e  r a t i o  of t h e  actual  
d e n s i t y  t o  t h a t  dep ic t ed  by t h e  model i n c r e a s i n g  w i t h  a l t i t u d e .  It 
seems p l a u s i b l e  t h a t  t h e  s o u r c e  of t h i s  a p p a r e n t  wave motion is  J o u l e  
h e a t i n g  a s s o c i a t e d  w i t h  t h e  geomagnetic storm. 
l i k e l y  propagate  r a d i a l l y  from the a u r o r a l  e l e c t r o j e t .  The s a t e l l i t e  
descended i n  a l t i t u d e  as it moved n o r t h  through t h e  wave r e g i o n  and t h e  
wavelength is  a combination of v e r t i c a l  and h o r i z o n t a l  v a r i a t i o n s .  It 
i s  noteworthy t h a t  t h e  ampl i tude  of t h e  wave decreased as t h e  a l t i t u d e  
dec reased .  A s  t h e  wave propagates from t h e  sou rce  i t  w i l l  tend t o  con- 
s e r v e  k i n e t i c  energy and t h e  ampl i tude  w i l l  d e c r e a s e  on t h e  p o r t i o n  of 
t h e  wave f r o n t  t h a t  is propagating i n t o  t h e  more dense  l a y e r s  and 
i n c r e a s e  on t h e  p o r t i o n  of t h e  wave t h a t  is  propagat ing  upward i n t o  t h e  
l e s s  dense  l a y e r s .  T h e o r e t i c a l  s t u d i e s  on t h e  phenomena a r e  being con- 
duc ted  i n  c o l l a b o r a t i o n  w i t h  D r .  George H. F i c h t l  of t h e  NASA/MSFC Aero- 
s p a c e  Environment Div i s ion .  

Such a wave would most 

6 .  Irrrrdequicy of Current ly  A v a i l a b l e  Atmosphere Models t o  Depic t  
Dens i ty  V a r i a t i o n s  Assoc ia ted  wi th  Large Geomagnetic D i s tu rbances .  The 
most w ide ly  accepted  model of the atmosphere,  t h e  J a c c h i a  Model [1970],  
approximates tempera ture  inc reases  (with a l a g  of 6 hours)  a s s o c i a t e d  
w i t h  geomagnetic a c t i v i t y  by equat ion  (1) .  Actua l  d e n s i t y  i n c r e a s e s  a r e  
then  computed from a model. The maximum tempera ture  c o r r e c t i o n  by t h i s  
method f o r  t h e  l a r g e s t  geomagnetic s torm t h a t  can be measured is about  
500 degrees .  While t h i s  temperature c o r r e c t i o n  appears  t o  be adequa te  
t o  i n c r e a s e  t h e  d e n s i t i e s  s u f f i c i e n t l y  a t  a l t i t u d e s  above abou t  250 km, 
i t  is imposs ib le  t o  a c c u r a t e l y  model d e n s i t y  i n c r e a s e s  a s s o c i a t e d  w i t h  
l a r g e  geomagnetic d i s t u r b a n c e s  a t  a l t i t u d e s  below about  200 km by t h i s  
t echn ique .  F igu re  15 shows t h e  extremes of d e n s i t y  measured by t h e  
LOGACS experiment between a l t i t u d e s  of 145 and 290 km, compared t o  those  
dep ic t ed  by t h e  most r e c e n t  J acch ia  Model [1970] ,  assuming exosphe r i c  
tempera tures  of 1000, 1500, and 2000 degrees .  F igu re  15 shows t h a t  maxi- 
mum d e n s i t y  va lues  observed during t h e  LOGACS experiment when t h e  ap 
v a l u e  w a s  400 u n i t s  a r e  h ighe r  than those  dep ic t ed  by t h e  J a c c h i a  
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2000-degree exospheric  t empera tu re  model a t  a l l  a l t i t u d e s  up t o  290 km, 
w i t h  t h e  percentage d i f f e r e n c e s  be ing  l a r g e r  a t  lower a l t i t u d e s .  I n  
o t h e r  words, a l l  observed d e n s i t y  v a l u e s  when ap  was 400 u n i t s  l i e  ou t -  
s i d e  t h e  l i m i t s  of t h o s e  d e p i c t e d  by t h e  J a c c h i a  Model. 

The method used by Jacchia and o t h e r s  t o  s t u d y  t h e  magnitude of 
atmospheric v a r i a t i o n s  is  t o  c o n v e r t  t h e  d e n s i t y  v a r i a t i o n s ,  as d e p i c t e d  
by s a t e l l i t e  d rag ,  t o  t empera tu re  v a r i a t i o n s  i n  o r d e r  t o  r e l a t e  even t s  
a t  d i f f e r e n t  a l t i t u d e s  t o  each o t h e r .  This  t r a n s f o r m a t i o n  is  o n l y  as 
a c c u r a t e  as t h e  atmospheric  model be ing  used f o r  t h e  t r a n s f o r m a t i o n .  
One of t he  major shortcomings of t h e  c u r r e n t l y  a v a i l a b l e  a tmospheric  
models, i nc lud ing  J a c c h i a ' s  [1970],  is  t h a t  they assume s t a t i c  e q u i l i -  
brium cond i t ions  which we know do n o t  e x i s t  d u r i n g  t h e  s h o r t - p e r i o d  
atmospheric  p e r t u r b a t i o n s  o c c u r r i n g  d u r i n g  a geomagnetic s torm.  

The second major problem i n  t h e  modeling of a tmosphe r i c  v a r i a t i o n s  
a s s o c i a t e d  w i t h  geomagnetic a c t i v i t y  i s  d e p i c t i n g  t h e  r e a c t i o n  t i m e  of 
t h e  atmosphere. Cur ren t  models a r e  designed on t h e  p r e m i s e  t h a t  t h e  
atmosphere r e a c t s  on a g l o b a l  b a s i s  w i t h  a t ime l a g  of 6 hours subsequen t  
t o  the geomagnetic a c t i v i t y .  Analyses of LOGACS d a t a  s t r o n g l y  i n d i c a t e  
t h a t  n e i t h e r  assumption is  e n t i r e l y  c o r r e c t ;  i. e . ,  t h e  atmosphere responds 
n e a r l y  s imul t aneous ly  w i t h  t h e  o n s e t  of geomagnetic a c t i v i t y  nea r  t h e  
a u r o r a l  zones,  w i t h  t h i s  energy being propagated t o  lower l a t i t u d e s  by 
wave mechanisms, and /o r  conduct ion and convec t ion  w i t h  a t i m e  d e l a y  o f  
abou t  s i x  hours nea r  t h e  equa to r .  

Based upon t h e s e  d a t a ,  t h e  modeling of a tmospheric  v a r i a t i o n s  a s s o c -  
i a t ed  w i t h  geomagnetic d i s t u r b a n c e s  can be improved by i n c o r p o r a t i n g  a 
v a r i a b l e  t i m e  d e l a y  (near-s imultaneous a t  t h e  a u r o r a l  r e g i o n  and i n c r e a s -  
ing t o  s i x  hours  a t  t h e  e q u a t o r )  and by d i r e c t l y  modeling t h e  d e n s i t y  
p e r t u r b a t i o n s  as a f u n c t i o n  of geomagnetic a c t i v i t y  nea r  t h e  a l t i t u d e  
r e g i o n  where t h e  h e a t i n g  occurs  (below 140 km). 
is  underway a t  t h e  MSFC Aerospace Environment Div i s ion .  A d d i t i o n a l  da ta  
from o t h e r  acce le romete r  f l i g h t s  w i l l  be  q u i t e  v a l u a b l e  f o r  t h i s  e f f o r t .  

Research on th i s  problem 

CONCLUSIONS 

The LOGACS experiment probably f u r n i s h e d  more evidence from which t o  
e v a l u a t e  t h e  mechanism r e s p o n s i b l e  f o r  a tmospheric  h e a t i n g  a s s o c i a t e d  w i t h  
geomagnetic a c t i v i t y  than any o t h e r  d a t a  a v a i l a b l e  up t o  t h e  p r e s e n t  t ime. 
Analyses of t h e s e  da t a  s t r o n g l y  i n d i c a t e  J o u l e  h e a t i n g  as t h e  p r i n c i p a l  
mechanism f o r  such  atmospheric  response.  This conc lus ion  i s  suppor t ed  by 
t h e  fol lowing o b s e r v a t i o n a l  evidence from t h e  LOGACS experiment.  

1. There is  a r e sponse  of t h e  atmosphere i n  t h e  a u r o r a l  r eg ions  
n e a r l y  c o i n c i d e n t  w i t h  t h e  o n s e t  of geomagnetic a c t i v i t y ,  w i t h  no 
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s i g n i f i c a n t  response  ev iden t  a t  lower l a t i t u d e s  u n t i l  s e v e r a l  hours 
l a t e r .  

2 .  There is a h igh  c o r r e l a t i o n  between t h e  times of peak geo- 
magnet ic  a c t i v i t y  and t h e  geomagnetic l a t i t u d e s  a t  which t h e  maximum 
h e a t i n g  of t h e  n e u t r a l  atmospheric h e a t i n g  occurred.  This r e l a t i o n -  
s h i p  i n d i c a t e s  t h a t  h e a t i n g  a s s o c i a t e d  w i t h  t h e  geomagnetic a c t i v i t y  
o r i g i n a t e d  i n  t h e  a u r o r a l  region and propagated s y s t e m a t i c a l l y  t o  lower 
l a t i t u d e s .  

3 .  The maximum atmospheric h e a t i n g  occurred a t  geographic loca -  
t i o n s  near  t h e  expected maximum c u r r e n t  of t h e  a u r o r a l  e l e c t r o j e t .  
This would be expected w i t h  J o u l e  h e a t i n g ,  s i n c e  Q ,  or energy from 
such  h e a t i n g ,  is  d i r e c t l y  p ropor t iona l  t o  t h e  s q u a r e  of t h e  a u r o r a l  
e l  ec t r o  j e t  c u r r e n t .  

4 .  Strong evidence of atmospheric wave propagat ion  w a s  p r e s e n t  
o n l y  du r ing  s h o r t  pe r iods  subsequent t o  enhanced geomagnetic a c t i v i t y .  
These waves appear  t o  o r i g i n a t e  i n  t h e  a u r o r a l  r eg ion  a t  a l t i t u d e s  
commensurate w i t h  a s o u r c e  a s s o c i a t e d  w i t h  J o u l e  h e a t i n g .  

5. A d e c r e a s e  i n  atmospheric d e n s i t y  i n  t h e  a u r o r a l  r e g i o n s  
occurred  abou t  4 t o  5 hours a f t e r  commencement of t h e  h igh  geomagnetic 
a c t i v i t y ,  du r ing  a per iod  i n  which t h e  geomagnetic a c t i v i t y  remained 
h i g h l y  enhanced. This i n d i c a t e s  a tmospher ic  c i r c u l a t i o n  a s s o c i a t e d  
w i t h  extremely h igh  p r e s s u r e  g r a d i e n t s  and winds which would be 
expected w i t h  J o u l e  h e a t i n g .  

P r e s e n t l y  a v a i l a b l e  atmospheric models do no t  d e p i c t  adequa te ly  
t h e  a tmospher ic  response  t o  geomagnetic a c t i v i t y ,  p a r t i c u l a r l y  a t  low 
(below abou t  200 km) a l t i t u d e s .  This is  n o t  s u r p r i s i n g ,  s i n c e  t h e s e  
models a r e  based upon t h e  assumption of e q u i l i b r i u m  c o n d i t i o n s ,  which 
a r e  known n o t  t o  e x i s t  dur ing  t r a n s i e n t  a tmospher ic  d i s t u r b a n c e s .  
Atmospheric models can  be improved by i n c o r p o r a t i n g  an a tmospher ic  
r e sponse  nea r  t h e  a l t i t u d e  a t  which t h e  h e a t i n g  occur s ,  w i t h  a l a t i t u d e -  
dependent magnitude and a t i m e  delay.  
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Figure  15. Extreme va lues  of d e n s i t y  dep ic t ed  by t h e  J a c c h i a  70 atmos- 
phere  compared t o  those  observed by t h e  LOGACS experiment.  
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